septic osteonecrosis (AON), also known as avascular necrosis, is a rare long-term complication of childhood cancer therapy that can result in significant morbidity and alteration of quality of life. There are only a few reports of AON in patients with lymphoma or leukemia in the literature, most of them describing the incidence, risk factors, and diagnostic studies. [1] [2] [3] [4] [5] [6] [7] Incidence rates vary widely depending on the time the study was conducted and the methods used for diagnosis. Mattano et al reported a 3-year cumulative incidence of 9% in children treated for acute lymphoblastic leukemia (ALL). 8 In another study using MRI screening, AON was detected in 9 of 24 patients (38%) with ALL, 6 of whom were asymptomatic. 9 As AON can be detected in completely asymptomatic patients, the true incidence remains unknown.
Pathogenetically, corticosteroids are considered the main etiologic factor for AON in children with malignancies. [4] [5] [6] [7] [8] As AON may also occur following chemotherapy not containing steroids, 3, [10] [11] [12] other factors such as cytostatic drugs, immobilization, or the malignancy itself may contribute to the development of this disease. The clinical spectrum of AON ranges from asymptomatic patients to patients with significant bone pain and loss of function, sometimes necessitating total joint replacement. 6, 8, 9 Since data on the long-term outcome of pediatric cancer patients with AON are rare, additional information is urgently needed. The present retrospective, observational study describes a single-center experience with AON over a period of 13 years.
PATIENTS AND METHODS

Patients
From 1990 to 2003, 630 consecutive children with various malignancies were treated at the University Children's Hospital in Graz, Austria. Diagnosis was ALL in 116 patients, acute myelogenous leukemia (AML) in 50 patients, Hodgkin's disease (HD) in 45 patients, non-Hodgkin's lymphoma (NHL) in 28 patients, and a solid tumor in 391 patients. Treatment was carried out according to the respective national and international cooperative therapy studies. [13] [14] [15] [16] [17] After completion of cancer therapy, all patients entered a detailed follow-up program including careful clinical and tumor-specific examinations at yearly intervals to evaluate possible tumor-and treatment-related side effects, as previously described. 18 During the observation period of 13 years, 9 of the 630 patients developed symptoms suspicious of AON, including bone pain or impairment of joint function. All MRI examinations were performed on a 1.5-Tesla device (Siemens Magneton Symphony or Philips Gyroscan Intera ACS-NT). Longitudinal and axial T2-weighted and unenhanced and gadolinium-enhanced T1-weighted sequences with and without fat saturation of the clinically indicated region of interest were acquired. The images were reviewed and analyzed in consensus by two radiologists. Geographically margined lesions within the bone marrow with a typical low-intensity rim on T1-weighted sequences 9, 19 were interpreted as AON. Informed consent was obtained from the patients and/or their parents before entering this follow-up program.
All patients with radiographically confirmed AON received conservative first-line treatment including restricted weight-bearing (crutches and/or wheelchair), physical therapy, and administration of nonsteroidal anti-inflammatory drugs (NSAIDs). Patients with unacceptable bone pain or severe impairment of joint function not responding to initial treatment were considered for alternative treatment including hyperbaric oxygen (HBO) therapy or administration of the prostacyclin analog iloprost (Ilomedin; Schering Vienna, Vienna, Austria) and/or pamidronate, a second-generation bisphosphonate (Aredia; Novartis Pharma, Vienna, Austria). HBO was applied as suggested for osteoradionecrosis. 20, 21 It was delivered for 90 minutes at 2.4 bar absolute pressure with two breaks of 10 minutes, during which the patients breathed pressured air. HBO therapy was administered once a day for 30 consecutive days. Iloprost was given intravenously at a dose of 50 mg/d over 6 hours on 5 consecutive days. 22, 23 Pamidronate was administered intravenously at a dose of 45 mg every third day, three times. 24 Patients whose symptoms further deteriorated on conservative treatment underwent surgical treatment including joint replacement or arthrotomy with sequestrotomy.
RESULTS
Patients
Of 630 children, 9 (7 boys, 2 girls) (1.4%) developed AON ( Table 1 ). The median age at diagnosis of malignancy was 15.8 years (range 13.7-18.6 years). The underlying malignancies were ALL (n = 4), NHL (n = 2), HD (n = 2), and AML (n = 1). Compared with the whole study cohort, AON occurred in 4 of the 116 patients (3.4%) with ALL, 2 of the 28 patients (7.1%) with NHL, 2 of the 45 patients (4.4%) with HD, and 1 of the 50 patients (2%) with AML. For patients older than 10 years of age, the incidence rates were as follows: ALL 19% (4/21), NHL 10% (2/20), HD 4.9% (2/41), and AML 4.5% (1/22) .
The median interval between diagnosis of malignancy and clinical manifestation of AON was 16 months (range 6-53 months). In all patients, AON was located in weight-bearing extremities (femur or tibia). In three patients (patients 2-4), AON also involved the upper extremities. Seven patients had multiple bone lesions (Fig. 1) , and two patients (patient 1 and 5) had single lesions. Table 2 summarizes treatment and outcome data. Oncologic treatment was carried out according to the cooperative treatment protocols ALL-BFM 90 and 2000, NHL-BFM 90 and 95, GPOH-HD 95, AML-BFM 98, ALL-REZ BFM PILOT 2002, and AML-BFM 98 and AML-BFM REZ 97. [13] [14] [15] [16] [17] All patients had received prednisone at a median dose of 1,980 mg/m 2 (range 480-4,200 mg/m 2 ); six patients had also received dexamethasone at a median dose of 270 mg/m 2 (range 270-1,080 mg/m 2 ). Treatment of AON consisted of restriction of weightbearing, physiotherapy, and NSAIDs in all patients. Three patients also received HBO therapy combined with intravenous iloprost (patients 5, 7, and 9); one patient in addition received intravenous pamidronate (patient 7). Conservative treatment led to significant subjective improvement of symptoms in all patients, although follow-up MRI studies remained unchanged so far. Deterioration of symptoms resulted in bilateral hip replacement in one patient (patient 4) and arthrotomy with sequestrectomy in two patients (patients 2 and 5). Despite AON, oncologic treatment was not altered in any of the patients. None of the study patients received steroids after the diagnosis of AON. 
Treatment
Outcome
By January 2004, all patients were alive in first remission (7/9 patients) or second remission (2/9 patients). Median follow-up since diagnosis of malignancy was 2.6 years (range 1.5-11.3 years), with two patients still receiving oncologic therapy (patients 8 and 9). Six patients were completely asymptomatic, whereas AON-related symptoms improved in the other three patients. The median duration of follow-up after initial improvement was 2 years (range 0.7-9.5 years).
DISCUSSION
In this series, AON was observed in 1.4% of the entire study population: 3.4% of patients with ALL, 7.1% of patients with NHL, 4.4% of patients with HD, and 2% of patients with AML. These data are consistent with earlier reports describing incidence rates of 1% to 9%. 4, 6, 8 Since diagnostic studies were done only in symptomatic patients, the true incidence might be higher. Furthermore, some of our patients may still develop AON during further follow-up. However, when only patients older than 10 years of age were considered, incidence rates ranged from 4.5% (AML) to 19% (ALL).
MRI has been proven to be the technique of choice to identify AON in pediatric cancer patients with bone pain. 9, 19 Whether MRI screening should be introduced in regular follow-up programs is a matter of debate. In our institution, early MRI is done in every patient with bone pain or impaired joint function, but general MRI screening is not proposed.
Most of the reports on children with malignancies and AON suggest corticosteroids to be the main pathogenetic factor for AON. 1, 2, [4] [5] [6] 8 In this context dexamethasone is considered to be more toxic to the skeletal system than prednisone. 6, 8 In this study all nine patients with AON had , and six of the nine were also given dexamethasone (median cumulative dose 270 mg/m 2 ). Our data support the hypothesis that corticosteroid administration is a major risk factor for the development of AON. Treatment intensification with dexamethasone, as proposed by the BFM protocols, may therefore result in an increased incidence of AON in patients with ALL and NHL in the future. Age older than 10 years at diagnosis of malignancy has been recognized as another important risk factor for AON. 6, 8 Some authors argue that the maturing bones of adolescents might be more susceptible to the development of AON. 6, 8 The age distribution of our study population was in accordance with published data 1, 8 showing that mostly adolescents older than 10 years old develop AON. This indicates that younger children, even those with high steroid exposure, seem less likely to be affected. AON is reported to occur predominantly in females, 8, 9, 19 but in our series AON was more common in boys than girls. Due to the small number of patients in our study, however, no definitive epidemiologic conclusions can be drawn.
Data concerning the optimal treatment of AON in childhood cancer patients are rare. Most investigators propose conservative treatment including relief of weight-bearing structures, physiotherapy, and NSAIDs, followed by surgical therapy in severe cases. 1, 4, 10, 19 Other conservative treatment options (eg, HBO, iloprost, or bisphosphonates) have been only sporadically reported. The rationale for HBO treatment is that due to the high ambient pressure with the patient breathing 100% oxygen, the latter dissolves in the plasma. The solubilized oxygen supplies areas within AON where reduced blood flow impedes oxygenation by hemoglobin-bound O 2 . Osseous repair induced by HBO alone has been reported. 12, [19] [20] [21] Iloprost, a prostacyclin analog, has been used to treat juvenile bone marrow edema of the talus and the acetabulum, and it seems to cause dilatation of arterioles and venules and reduction in the permeability of capillaries. 22, 23 Bisphosphonates might be another therapeutic option to improve bone mineralization and to reduce corticosteroid-induced osteoporosis. 24 Statin therapy and coagulation studies have been performed in adults, but the efficacy and safety of these treatment modalities in children with AON have yet to be determined. 25, 26 In our series, three patients (patients 5, 7, and 9) with deterioration of symptoms and severe impairment of joint function despite physical therapy and NSAIDs received HBO treatment combined with iloprost. One of them (patient 7) also was treated with pamidronate, and another one (patient 5) also underwent arthrotomy with sequestrotomy. In all three patients dramatic improvement of clinical symptoms was observed, although MRI findings remained unchanged.
Although our observations suggest that multimodal treatment of AON led to clinical response and durable improvement of AON-related symptoms, the small number of patients and the relatively short duration of follow-up do not allow us to make definitive recommendations for the treatment of AON. Large-scale prospective studies evaluating HBO therapy and the administration of iloprost in addition to the generally applied conservative treatment (physical therapy, NSAIDS), probably in a randomized design, would be helpful to identify appropriate therapy for patients with AON.
The goal of this observational study was to increase the physician's awareness of the diagnosis of AON in long-term survivors of childhood cancer therapy. AON is a rare but serious complication in these patients, sometimes resulting in significant alteration of quality of life. Early recognition and initiation of adequate therapy are necessary to prevent morbidity, but the optimal treatment of AON remains to be defined.
